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Abstract

The M, 7.1 47 km deep earthquake that occurred on 30 November 2018 had deep soci-
etal impacts across southcentral Alaska and exhibited phenomena of broad scientific
interest. We document observations that point to future directions of research and haz-
ard mitigation. The rupture mechanism, aftershocks, and deformation of the mainshock
are consistent with extension inside the Pacific plate near the down-dip limit of flat-slab
subduction. Peak ground motions >25%g were observed across more than 8000 km?,
though the most violent near-fault shaking was avoided because the hypocenter was
nearly 50 km below the surface. The ground motions show substantial variation, high-
lighting the influence of regional geology and near-surface soil conditions. Aftershock
activity was vigorous with roughly 300 felt events in the first six months, including two
dozen aftershocks exceeding M 4.5. Broad subsidence of up to 5 cm across the region is
consistent with the rupture mechanism. The passage of seismic waves and possibly the
coseismic subsidence mobilized ground waters, resulting in temporary increases in
stream flow. Although there were many failures of natural slopes and soils, the shaking
was insufficient to reactivate many of the failures observed during the 1964 M 9.2
earthquake. This is explained by the much shorter duration of shaking as well as
the lower amplitude long-period motions in 2018. The majority of observed soil failures
were in anthropogenically placed fill soils. Structural damage is attributed to both the
failure of these emplaced soils as well as to the ground motion, which shows some
spatial correlation to damage. However, the paucity of instrumental ground-motion
recordings outside of downtown Anchorage makes these comparisons challenging.
The earthquake demonstrated the challenge of issuing tsunami warnings in complex
coastal geographies and highlights the need for a targeted tsunami hazard evaluation
of the region. The event also demonstrates the challenge of estimating the probabilistic
hazard posed by intraslab earthquakes.
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Supplemental Material

Introduction
On the morning of 30 November 2018, southcentral Alaska
experienced the most societally significant earthquake in the
region in half a century. The M,, 7.1 earthquake occurred nearly
50 km beneath Anchorage inside the subducting slab as a result
of tensional forces near the transition from flat to steeply dip-
ping slab. Strong to severe shaking was felt by more than half of
Alaska’s population. Because the earthquake impacted so many
sectors of society, it is arguably the best earthquake learning
experience in Alaska since the M, 9.2 Great Alaska earthquake
in 1964. The purpose of this article is to provide an introduction
to the observations and impacts across disciplines.

Anchorage and southcentral Alaska experience frequent
shaking from earthquakes occurring on the Alaska—-Aleutian
subduction zone interface. But earthquakes inside the subducting
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slab and in the overlying crust add to the hazard. Magnitude 4
and 5 earthquakes are felt routinely, albeit lightly, by the majority
of Alaskans. Even large earthquakes occur with some regularity.
More than 80% of the M 6+ earthquakes in the United States
occur in Alaska and surrounding waters. Averaged over decades,
M 7+ earthquakes occur somewhere along the arc every other
year, though the past few years have exceeded this rate.
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From this perspective, the M,, 7.1 earthquake was not excep-
tional and did not surprise anyone familiar with the region’s tec-
tonics. What made this earthquake unusual was its proximity to
human population. The population of Alaska is small compared
with other parts of the United States and is clustered in a handful
of locations separated by hundreds of kilometers. Hence, the
vast majority of earthquakes occur at considerable distance from
human population. The earthquake ground motions felt rou-
tinely are nearly always low-frequency rumbles from distant
earthquakes or the abrupt modest tremors of small local earth-
quakes. Even larger recent earthquakes, such as the 2002 M,, 7.9
Denali fault earthquake (Eberhart-Phillips et al, 2003), the 2013
M., 7.5 Craig earthquake (Yue et al., 2013), the 2014 M, 7.9 Little
Sitkin earthquake (Macpherson and Ruppert, 2015), and the
January 2018 M., 7.9 Offshore Kodiak earthquake (Ruppert et al.,
2018), had only minor impacts. In each case, the impact of these
earthquakes was tempered by distance from human population
and the absence of significant tsunamis.

The most notable exception for Anchorage is the 1964
M., 9.2 Great Alaska earthquake. The 700 km long rupture gen-
erated violent ground motions across southern Alaska and gen-
erated a tsunami with fatal impacts from Alaska to California.
Although the majority of damage and fatalities resulted from the
tsunami (Lander, 1996), which did not extend to Anchorage, the
damage from strong ground motion was extensive (Hansen,
1965). The shaking caused widespread damage to buildings
and infrastructure that had been constructed with limited regard
for seismic resilience. The most significant failures were not
caused by the amplitude of the shaking. Instead, the ground
motions, which lasted many minutes and were rich in long-
period energy, triggered widespread ground failures (Hansen,
1965). The repeated strain cycling of wet unconsolidated soils
(i.e., loosely arranged, lacking strong bonds) and clays caused
slumping, landslides, liquefaction, and in some more notorious
cases the complete sloughing of steep bluffs.

The reconstruction in the decade following the 1964 earth-
quake coincided with a boom in Alaska development tied to
the discovery of oil. The rapid growth and optimism about
the future—buoyed by statehood in 1958—Ied the state, and
Anchorage in particular, to adopt a proactive stance toward safe
development. With the memories of 1964 still raw, Anchorage
adopted notably progressive building codes for the time. Even
the state legislature wrote explicit seismic requirements into
many of its laws.

Anchorage today is a product of this history. The municipality
of Anchorage is home to 300,000 of the state’s 740,000 residents.
The greater Anchorage region, including the Matanuska-Susitna
(Mat-Su) valley, adds another 100,000. Anchorage infrastructure,
especially in its outlying areas, is generally young. The popula-
tion of Anchorage has grown more than threefold since 1964.
Although a portion of the infrastructure predates the worldwide
introduction of seismic construction details in the early 1980s,
much of the development boom occurred after the introduction
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of these standards. Oversight and code enforcement vary by loca-
tion but are good in downtown Anchorage. Taken together, these
various factors have led to a city that has made an honest effort at
seismic resilience.

The 30 November earthquake represents the first critical
test of these efforts. There has been no magnitude 6 or larger
earthquakes within 100 km of Anchorage in the past half a
century. In 2012, an M 5.8 earthquake 30 km north-northwest
of Anchorage generated ground motions of ~5%g in the down-
town area, and an M 6.4 in 1983 caused damage to a school
that had previously been flagged for poor construction. In
2016, the M, 7.1 Iniskin earthquake produced ground motions
in the 10%-15%g range (Grapenthin et al., 2018). Isolated
cases of damage were recorded, primarily from secondary
influences such as ruptured natural gas lines. However, the
earthquake occurred 250 km away from Anchorage, and the
damage was light enough so that no systematic effort was
undertaken to compile and assess damages. The Iniskin earth-
quake highlighted the urban hazard potential of earthquakes
generated inside the subducting Pacific plate and the possible
effects of nearby sedimentary basins.

Although the Anchorage earthquake was far from a worst-
case scenario, its impact was profound. It tested the region’s
earthquake preparedness and shortcomings more than any
earthquake in recent history. This makes it a rare learning
experience. Many of these topics will be examined in detail by
later studies. By providing a broad multidisciplinary overview,
the authors hope to catalyze subsequent research that is both
insightful and societally relevant.

Tectonic Setting and Earthquake Source
This earthquake occurred at the northeastern end of the
Alaska-Aleutian subduction zone, where the subducting
Pacific plate is moving to the north-northwest at about
5.1 cm/yr (Fig. 1). The tectonics of the region include the
collision and subduction of the Yakutat terrane, which has
characteristics of an oceanic plateau (Christeson et al., 2010).
The subduction zone has a very shallow dip, which is attributed
to the high buoyancy and thickness of the subducted Yakutat
slab compared with a typical oceanic slab (Ferris et al., 2003;
Eberhart-Phillips et al, 2006; Abers, 2008; Haeussler, 2008).
Seismicity follows the slab to a depth of about 200 km, below
which the slab appears to descend steeply to at least 400 km
depth (Burdick et al, 2017; Jiang et al, 2018; Martin-Short
et al, 2018). The 47 km depth of the mainshock is con-
sistent with being in the upper part of the subducting slab
(see Kim et al., 2014). Because the earthquake is near the point
where the slab begins to pull away from the overlying crust, it is
unclear whether the slab is overlain by warm mantle material
or cold forearc crust.

The mainshock was followed five minutes later by an
M, 5.7 aftershock—the largest aftershock to date. During the
first two months, there were more than 8000 aftershocks with a
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Figure 1. Regional setting. Contours mark depth to slab. Significant subduction zone earthquake

~25 km northward along a
strike that agrees well with the
strike of the mainshock.

rupture patches are marked in gray. Slow-slip events (light blue) from Fu and Freymueller (2013)
and references therein. Inferred Yakutat terrane from Eberhardt-Phillips et al. (2006). See Text S1
for moment tensor details. The red box in the inset marks the location of Southcentral Alaska.

Aftershock depths range from
22 to 61 km, with 95% of the

events between 31 and 48 km,

magnitude of completeness of 1.5 and b-value of 0.77 (Okal
and Romanowicz, 1994). Roughly 40 of these aftershocks
exceeded M 4. Compared with other nearby intraslab earth-
quakes, such as the 1999 M,, 7.0 Kodiak and the 2016 M,, 7.1
Iniskin events (Fig. 1), this aftershock sequence produced sig-
nificantly more M 3-5 aftershocks, leading to its relatively low
b-value. Although large aftershocks (M 4+) were distributed
throughout the aftershock zone at the beginning of the
sequence, later M 4+ aftershocks occurred farther away from
the mainshock rupture.

There is a good focal mechanism agreement for the main-
shock between the Global Centroid Moment Tensor project
solution and the U.S. Geological Survey (USGS) (both shown
in Fig. 2). The mechanism is consistent with the persistent his-
torical normal faulting observed by Ruppert (2008). Liu et al.
(2019) present multiple finite-fault solutions assuming motion
on each of the two nodal planes. They find a slightly better fit to
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consistently shallower than the

mainshock.  The
aftershocks form at least two distinct clusters. The northern
cluster is offset slightly to the east of the southern cluster.
Relocated hypocenters also hint at a different fault plane for
each cluster. In the northern part of the aftershock zone,
the fault plane appears to dip quite steeply (~80°) to the west
(Fig. 3). In the southern cluster, the aftershock lineation dips
more shallowly to the east (~45°).

We use long-period regional seismic waveforms to estimate
focal mechanisms (Zhu and Helmberger, 1996; Silwal and
Tape, 2016) for 10 well-distributed aftershocks of M,, 4.5-5.0
(see Text S1, available in the supplemental material to this
article). The resulting focal mechanisms are remarkably similar
to no systematic evolution with time or location (Fig. 2). The
two fault planes implied by the mainshock and aftershock
mechanisms strike essentially north-south and dip either east
30° or west 60°. These dips agree qualitatively with the planes
suggested by aftershocks, though they do not align exactly. It is

relocated
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A second possibility is that
the mainshock ruptured one
of the two planes and then trig-
gered aftershocks on a separate
plane that happened to be sim-
ilarly oriented to the auxiliary
plane of the mainshock rup-
ture. There are prior examples
of intraslab earthquakes stimu-
lating aftershocks on adjacent
faults (e.g., Macpherson and
Ruppert, 2015; Melgar, Ruiz-
Angulo, et al., 2018). As with
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would suggest that the fault
plane of the larger aftershocks
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Figure 2. Mainshock epicenter with regional peak ground acceleration (PGA) contours. Aftershock
locations are shown in red. Strong motion and broadband seismic stations locations are keyed to

the legend. Boxes mark cross sections shown in Figure 3.

Peak ground acceleration (%g) M 7.1

© S D 5 ] o Q
A N A Q)/q’ Q/q’ b‘/(7’ S Q)/‘)‘ ,,b‘
e P P S

finite-source modeling of Liu
et al. (2019), who showed
(their fig. 5) that the prelimi-
nary aftershock locations did
not align with either of the
two fault planes of the main-
shock mechanism. The one-
fault interpretation would
imply that the complex after-

possible that errors in the local velocity model are stretching
the true aftershock depths into a more vertical profile, which
erroneously steepens both the east- and west-dipping planes.
The mainshock rupture can be characterized by reconciling
the aftershock distribution, finite-source models, and point-
source models for both the mainshock and aftershocks. One
possibility is that the mainshock initiated in the south on
an east-dipping plane then migrated northward to the west-
dipping plane. In this scenario, both portions of the rupture
would be roughly consistent with the mainshock focal me-
chanism (as the sum of slip on two very different faults)
and the aftershock focal mechanisms. This would also imply
that—despite notable similarity among the aftershock focal
mechanisms—the events in the north are rupturing along the
steep west-dipping plane, whereas the events in the south are
rupturing along the east-dipping plane. In this model, the two
distinct pulses of seismic moment release in the source time
function of Liu et al. (2019) might reflect rupture on two differ-
ent faults.
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shock patterns in Figure 3 are
either incorrect (perhaps dis-
torted by the influence of strong heterogeneity) or are unre-
lated to the geometry of the rupture of the mainshock. This
possibility seems to be the least likely among the three.
Future studies that include higher precision aftershock relo-
cations, 3D seismic velocities, and multiplane finite-source
models should be able to validate or rule out the various mod-
els mentioned earlier.

Tsunami Assessment

The National Tsunami Warning Center (NTWC) issues tsu-
nami alerts for the coasts of Canada and the continental
United States (Department of Commerce, National Oceanic &
Atmospheric Administration, National Weather Service, 2009)
with localized warnings for the U.S. Pacific coastline beginning
at M 7.1 (Whitmore et al., 2008). For earthquakes with sources
near the U.S. coastline, tsunami bulletins are issued within 5 min
of origin time. To provide the earliest alerts possible,
initial warnings are based on earthquake location and
magnitude.
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coastlines of Cook Inlet and

the southern Kenai Peninsula,
with a preliminary magnitude
of M., 7.2 (Fig. S1). (see Data
and Resources)

Protocol is to hold an initial
tsunami alert until it can be
confirmed that there is no dan-
ger. At 25 min past origin time,
the Pacific Tsunami Warning
Center provided NTWC with
a W-phase magnitude (Wang
et al, 2017) of M, 7.17

Vp (km/s)

(Table S1). This was followed
at 29 min after origin time by
an M, 7.0 solution, with a
normal-faulting  mechanism,
from the National Earthquake
Information Center (NEIC).
NTWC protocol is to issue
products following NEIC’s
information when it is released.
NTWC revised the magnitude
to M 7.0 on tsunami warning
number 2 (issued 30 min after

origin time) and continued to

Figure 3. Cross sections through the cloud of aftershocks (white). Historical seismicity is shown in
black. Larger circles are M = 4. Gray contours are from the P-wave tomographic model of Eberhart-
Phillips et al. (2019). Solid black line marks the plate interface of Slab2 (Hayes et al., 2018). Dashed
black lines marks inferred continental Moho after Miller et al. (2018). (a—c) Aftershocks correspond
to the three cross-section boxes outlined in Figure 2. See Figure 2 legend for aftershock size scaling.

assess the coastal hazard, con-
sidering all possible tsunami
sources and locations. The
immediate concerns focused
on the potential for coastal
liquefaction and ground fai-
lure (especially near the Little
Susitna river and Susitna river
deltas, and Ship Creek), under-
water slumping in Cook Inlet,
and landslides in Turnagain
Arm. From the ShakeMap
(Fig. 2), NTWC was able to
determine that the rupture was
largely to the north of the epi-
center and not under Cook
Inlet. This alleviated some con-
cerns for underwater slumping.

Three to four minutes after the 30 November earth-
quake, initial magnitude estimates showed good agreement of
M,,, 6.8-7.0, leading NTWC to issue a tsunami informa-
tion statement. Roughly five minutes after the earthquake,
Earlybird software began providing magnitudes of M,
7.2-7.4 (Huang et al., 2007). Following special procedures
for interior waterways which begin at M > 7.1 (Whitmore
et al, 2008), NTWC issued a tsunami warning for the
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The new USGS ground failure
and liquefaction estimates were also helpful in this regard
(Fig. S2), although the absence of bathymetry and underwater
hazards currently limit their use for tsunami applications.

Several factors combine to reduce tsunami impacts in
upper Cook Inlet. The water depth does not generally ex-
ceed 20 m, and Anchorage is surrounded by extensive tidal
flats. The tide at the time of the earthquake was also low.
However, there has been no comprehensive study of tsunami
Volume 91 « Number 1 -«
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hazard in upper Cook Inlet. The 1964 earthquake demon-
strated that the bluffs and mudflats characteristic of the area
are prone to sliding under the right conditions. It is unclear,
however, how tsunamigenic these modes of failure may or
may not be. Although the tsunamigenic potential of these
slides is uncertain, similar geology in the Puget sound region
has been known to generate impactful tsunamis (Gonzalez
et al., 2003).

The tide gauge at the Port of Anchorage confirmed that
no massive slumping or ground failures occurred in the
Anchorage area. The remaining tide gauges, in Nikiski and
Seldovia, were too far from the source to be useful in rapid
assessment. Shallow-water travel-time estimates from likely
sources within Cook Inlet to the Anchorage tide gauge were
used to determine how long to wait before issuing an all clear.
Because tsunami travel times are much slower in the shallow
waters of Cook Inlet, substantial time was needed before declar-
ing an all clear. Because of the large amount of unmonitored and
unpopulated coastline, NTWC also queried numerous partners
for reports of coastal waves or unusual water activity before can-
celling the tsunami warning 90 min after origin time (Table S1).

Deformation
Interferometric Synthetic Aperture Radar (InSAR) provides a
broad view of deformation caused by the earthquake. Despite
the long-demonstrated ability of Synthetic Aperture Radar
(SAR) to map coseismic deformation (e.g., Wright et al., 2003;
Lu et al., 2003), it was not until the recently launched Sentinel-
1 C-band SAR constellation, with its regularly acquired and
free-and-open data, that SAR has been elevated to a wide-
spread data source for routine hazards monitoring and
response (Potin et al., 2014; Meyer et al., 2015; Ajadi et al.,
2016). One approach to this is the SARVIEWS processing sys-
tem (see Data and Resources), a fully automated monitoring
service providing rapid image and deformation information
from Sentinel-1 SAR for events related to severe weather,
earthquakes, and volcanic unrest. (See Text S2 for a detailed
overview of SARVIEWS processing.)

Following the Anchorage earthquake, the first postevent
Sentinel-1 acquisitions (descending orbit direction) became
available 4 December at 16:18 UTC, five days after the event.
The Sentinel-1 observation strategy over the Anchorage area
favored descending orbit geometries at the time of the event,
so an earlier acquisition opportunity on 1 December (ascend-
ing orbit direction) was not realized.

The SARVIEWS processing protocol (Text S2) is to pair the
postevent image with the two prior InSAR images closest in
time. Interferograms were formed with acquisitions from 10
to 22 November 2018, resulting in 12- and 24-day interfero-
grams. Weather conditions before and after the earthquake
were not conducive to strong InSAR coherence, with temper-
atures fluctuating around freezing and a mix of snow and rain.
The 24-day interferogram (not shown) lacked sufficient
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Line of sight deformation (cm)

Figure 4. SARVIEWS Sentinel-1 interferometry. (a) Interfero-
gram showing the cumulative surface deformation between
the 12-day period 22 November to 4 December 2018. M,, 4+
aftershocks between 30 November and 4 December shown as
white circles. Larger circle is the mainshock. One cycle of color
contours corresponds to 2.8 cm of deformation in the line of
sight of the satellite. Stippled data indicates areas of low-signal
coherence. (b) Line of sight surface deformation derived from the
interferogram. The image aggregates all motion during this time
including the mainshock and aftershocks.

coherence. The 12-day interferogram, however, reveals clear
systematic patterns centered on the epicenter (Fig. 4a).

The repeating cycles of phase information in Figure 4a can
be compounded, or unwrapped, and scaled to surface deforma-
tion in the line of sight direction of the satellite (Fig. 4b).
Although the line of sight vector includes both a vertical
and horizontal component, based on the source depth and
mechanism, we infer that this displacement field largely reflects
vertical motion. The unwrapped data demonstrate that
whereas areas northwest of the epicenter moved downward
by more than 5 cm, comparatively modest uplift was recorded
toward the east. Although Figure 4b aggregates all deformation
between 22 November and 4 December, the aftershocks have
far smaller moment release and are presumably negligible
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contributions compared with the mainshock. The predomi-
nant downward deformation across the region is consistent
with the normal-fault focal mechanism of the mainshock
and extension in the slab. The uplift to the east of the source
region, which is not observed immediately to the west of the
source region, favors the steep west-dipping fault plane over
the east dipping, broadly consistent with observations in the
Tectonic Setting and Earthquake Source section.

Ground Motion
Ground motion from this earthquake was sufficient to saturate
broadband sensors within a few hundred kilometers of the
epicenter, rendering them unusable for estimates of shaking.
Fortunately, the area has better strong-motion capabilities than
most of Alaska (Fig. 2). Strong-motion instruments provided
high-fidelity acceleration records at dozens of locations in the
densely populated Anchorage Bowl—the low-lying peninsular
region that includes the most developed areas of the city. At
more distant sites that lack strong-motion capabilities, broad-
band velocities were derived to create acceleration records.
These are used together with the empirical relationships of
Worden et al. (2012) to provide a ground intensity measure in
the ShakeMap. When no ground-motion records exist, shaking
can be estimated from ground-motion prediction equations
(GMPEs). Together these two data types provided the under-
pinnings of the various ShakeMaps for the event. At the time of
the earthquake, the Alaska Earthquake Center was using the
USGS ShakeMap version 3.0 (v.3.0) software to produce
ShakeMap parameters and geospatial data served through the
center’s website and through the Advanced National Seismic
System (ANSS) ComCat portal (see Data and Resources).
Although the initial ShakeMaps were based on automated
processing, later iterations were manually curated to incorpo-
rate as many additional observations as possible, from partners
including USGS, the Incorporated Research Institutions for
Seismology (IRIS) Transportable Array, the NTWC, and the
Alaska Volcano Observatory. Key among these data are the
dense observations in and around downtown Anchorage
provided by the dedicated urban strong-motion network
(Martirosyan et al., 2002; Dutta et al., 2009). Although these
observations provide excellent coverage in the Anchorage
Bowl, strong-motion data are sparse or absent in other po-
pulation centers, including Wasilla, Palmer, and Eagle river.
To account for the lack of instrumental data, the Alaska
Earthquake Center decided to include aggregated “Did You
Feel It?” (DYFI) reports from the USGS. Although these data
are inherently qualitative, they have been shown to correlate
with certain aspects of instrumental recordings (Caprio et al,
2015). The ShakeMaps were further enhanced by including a
20 km long north-northeast-striking linear source inferred
from aftershocks and estimates of finite-fault motion. When
combined, these various data sets provide the best-available
assessment of shaking patterns across southcentral Alaska.
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Figure 5. Instrumental and inferred PGAs as a function of 3D
distance from the source. Black line marks the estimate from the
Zhao et al. (2006) ground-motion prediction equation (GMPE)
used to derive the ShakeMap for this earthquake.

The shaking pattern is best described as a broad region of
moderate to strong ground motion. While the highest peak
ground accelerations (PGAs) exceed 50%g, accelerations of
25%g or more were experienced across an area of more than
8000 km?. Because of the earthquake’s depth, no person, build-
ing, or infrastructure was within 50 km of the hypocenter
(Fig. S4). The earthquake depth is singularly responsible for
the absence of stronger ground motions that would have been
expected for a shallow earthquake of comparable magnitude
(e.g., Boore et al, 2014). The depth is also responsible for
the broadly uniform distribution of shaking over a large area.
The true hypocentral distance varies much less than a map
view perspective of the epicenter suggests.

Figure 5 shows the estimated PGA values as a function of
hypocentral distance using the Zhao et al. (2006) GMPE
that underlies the ground acceleration estimates in Figure 2.
Superimposed are the instrumentally recorded PGA values
(triangles), as well as the PGA values inferred from DYFI
reports. The distribution illustrates PGA exceeding 10%g at
100 km from the source, reinforcing the broad extent of strong
ground motions. Beyond ~100 km, the measured accelerations
progressively exceed the GMPE-predicted values. Site class
adjustments or a regionally tuned GMPE would likely bring
this into better alignment.

The length scale of the ShakeMap reflects the sparse dis-
tribution of instrumental records. Figure 5 demonstrates that
the ground motion varied over short distances in ways that are
not captured in the ShakeMap. The only Vg, corrections used
are the theoretical adjustments of Wald and Allen (2007)
inferred from topography—no empirical Vi, data layer avail-
able across the region. Downtown Anchorage is the only area
with sufficient observations to constrain shorter length-scale
variations in the ground motion. The scatter in Figure 5 dem-
onstrates shortcomings in our knowledge of site effects across
Volume 91 « Number 1 .
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in regions where liquefaction
was neither observed at the sur-

Figure 6. Hydrologic response. (a) Map showing percent change in discharge at nine stream gages
and well SB01400223BCCD1, Interferometric Synthetic Aperture Radar (InSAR)-derived line of
sight displacement and PGA contours. KA, Knik Arm; TA, Turnagain Arm. (b) Discharge before and
after the mainshock recorded at U.S. Geological Survey (USGS) well SBO1400223BCCD1 (source:

see Data and Resources).
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(Fig. S5b) reveals a weak nega-
tive correlation, suggesting
that subsidence could have
triggered the expulsion of
groundwater. the
correlation is weak and based
on a sample size of just six.
Alternatively, strong

However,

the region. This is a clear direction for research and one that
can directly impact seismic hazard assessments going forward.

Hydrologic Response

Within minutes of the earthquake, hydrologic sensors in the
region registered water level changes that persisted for days to
weeks. By noon of the following day, nine ice-free stream gauges
recorded increases of 2%-40% (Fig. 6a). In addition, ground-
water levels in the only monitored well decreased by ~6 cm
(Fig. 6b). Researchers attribute similar observations from other
earthquakes to increases in aquifer permeability and pore pres-
sure caused by static stress changes and/or dynamic strain from
passing seismic waves (Manga and Wang, 2015, and references
therein). Several lines of evidence suggest that the hydrologic
response was caused by the expulsion of groundwater: (1) the
increases in discharge scale with the discharge prior to the earth-
quake, which should reflect the size of the shallow aquifer sys-
tems feeding each river under frozen surface conditions
(Fig. S5a); (2) increased streamflow was accompanied by temper-
ature increases of 1°-2°C (see Data and Resources) suggesting
water from the subsurface where ambient temperatures are com-
paratively warmer at that time of year; and (3) a drop in water
level is observed in the sole monitored well (Fig. 6b). None of the
gauges are located near the epicenter, and the discharge occurred
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ground motions may have
enhanced streamflow through dynamic mechanisms, including
aquifer consolidation, microfracturing, and fracture clearing
(e.g., Manga et al., 2012). We use the PGA (Fig. 2) as a proxy
for dynamic strain during the shaking. Least-squares regres-
sion shows a positive correlation with PGA at nine gauges
(Fig. S5¢). A correlation (negative) also exists with epicentral
distance (Fig. S5d). Both demonstrate that streamflow scales to
first order with ground motion, consistent with prior observa-
tions (e.g., Manga and Wang, 2015).

The dataset relating stream discharge to ground motion
is stronger than the comparison with subsidence. However,
because ground motion and subsidence both decrease as a
function of epicentral distance, correlation alone is insufficient
to unequivocally separate the influence of the two.

Failure of Natural Materials

Two of the authors (R. W. and A. B.) conducted a 225 km
overflight the day after the earthquake to assess large ground
failures and to help guide subsequent response activities
(Fig. 7). This reconnaissance was guided by seismic land-
slide hazard maps for Anchorage (Jibson and Michael, 2009)
and initial estimates of landslide and liquefaction hazard
from the USGS ground failure products (see Data and
Resources).
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Four categories of ground failures were observed: (1) rock-
falls and snow avalanches; (2) slumps, earthflows, and ground
cracking in natural materials; (3) debris avalanches on steep
walls of river canyons; and (4) liquefaction-related failures.
Widespread failures of anthropogenic fill materials were also
observed (see the Failure of Anthropogenic Fill Soils section).

The earthquake shook loose rockfalls and snow avalanches in
the Chugach Mountains, which were visible during the initial
overflight but obscured by snowfall within a few days. The largest
rockfall reported by local eyewitnesses occurred on the southeast
face of Rainbow Peak (Fig. S6). The Chugach National Forest
Avalanche Information Center reported earthquake-triggered
snow avalanches and rockfalls in alpine terrain surrounding
Girdwood (see Data and Resources). Two large rockfalls also
occurred along the Seward Highway between Potter Marsh and
McHugh Creek, which resulted in a road closure the day of the
earthquake. Although small rockfalls were observed in higher ter-
rain above the Eklutna river and in peaks to the north, no ground
failures were observed along the Chugach mountain range front,
where near-real-time ground failure maps had predicted high
hazard.

Complex slumping and long-runout earthflows occurred
along coastal bluffs in south Anchorage where the ground had
failed during prior earthquakes and heavy rainfall. Two- to
three-meter-tall headscarps encroached a ~300 m long section
of the Alaska Railroad Corporation southern mainline—a single
track connecting Anchorage to Seward. This failure destabilized
the right of way but caused little damage to the track (Fig. 8).
Recurrent landslides, known as the Potter Hill slides, destroyed
~100 m of track and right of way in the same area during the
1964 Great Alaska earthquake (Hansen, 1965). Miller and
Dobrovolny (1959) reported damage to railroad tracks in the
same area after an earthquake in 1954. The first account of land-
sliding comes from an official of the Alaska railroad, who
recalled heavy rains that caused ground failure impacts to hun-
dreds of meters of track in the late 1920s and early 1930s
(Hansen, 1965). D.S. McCulloch and M.G. Bonilla (written
comm., 1964, as cited in Hansen, 1965) describe the composi-
tion of the bluffs as till overlying outwash, which in turn overlie
blue clay, silt, and fine sand. These layers are similar to the noto-
rious Bootlegger Cove Formation, which was responsible for
some of the most extreme soil failures in 1964 (Miller and
Dobrovolny, 1959; Updike et al., 1988). In 1964, groundwater
springs, sourced from permeable beds in the outwash, flowed
into ponds that saturate tidal mud flats along the base of the
bluff. The 2018 failures appear similar to the slides described
in 1964—a series of rotational slump blocks that disintegrated
into earthflows consisting of clay, silt, and sand derived from
the lower part of the bluff, the adjacent mudflat, or both. In
1964, McCulloch and Bonilla concluded that bearing strength
failure and flowage of materials in the bluff and/or mudflat
caused the slides. A similar mechanism probably led to
ground failure during this earthquake.
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Shallow (<2 m deep) landslides occurred in canyon walls
and steep slopes of river valleys where frozen soils shook loose
from underlying unconsolidated deposits. Most obvious from
the air were debris avalanches on steep slopes underlain by loose
Pleistocene sand and gravel at Point Woronzof (Miller and
Dobrovolny, 1959; Schmoll and Dobrovolny, 1972) and
Pleistocene glacial gravel, sand, and silt in the Eagle river
(Schmoll et al, 1980) and Eklutna river valleys (Fig. S7). The
slope failures appeared to be superficial sloughs of frozen,
unconsolidated deposits that spread downhill into debris aprons
at the base of hillslopes. The slides removed snow on steep slopes
and left scars of freshly exposed gravel, sand, and silt, making
them easy to distinguish from undisturbed slopes.

Liquefaction-related deformation and venting of saturated
sediment occurred beneath tidal flats along Turnagain Arm,
Cook Inlet, Knik Arm, and the Little Susitna river delta.
The most voluminous liquefaction occurred at the Little
Susitna river delta, where sand boils blotted the coastal plain
and linear features defined lateral spreading along channel
margins (Fig. S8).

A primary objective of our initial overflight was to assess the
potential for reactivation of 1964 ground failures. From the air,
there was no obvious evidence of the movement of large trans-
lational slides observed in 1964. We flew over Earthquake Park
and along the entire Turnagain Heights landslide that was trig-
gered in 1964 and observed no large displacements at the top of
the bluff or bulges along the toe in tidal flats that would have
indicated reactivation. Overflights of other areas that moved in
1964 also showed a lack of movement in 2018, including Sunset
Park, the former Native Hospital site, and Buttress Park in
downtown Anchorage. Because trees obscure the hummocky
ground at Earthquake Park, aerial surveys could not rule out
the possibility of small (<0.1 m) cracks associated with slide
blocks.

To more closely inspect the 1964 landslides, we visited
Earthquake Park and Sunset Park on foot four days after
the earthquake. These two parks preserve the slide-block land-
scape that resulted from large translational slides that occurred
in 1964, which are comprehensively described by Hansen
(1965). At both sites, we observed ~0.01 m wide ground cracks
along landslide block boundaries and headscarps. One
<0.01 m wide crack at Sunset Park extended ~32 m along
the headscarp of the translational landslide that destroyed
Government Hill Elementary School in 1964 (Fig. 9).
Apparently, the duration (20-40 s) and amplitude of strong
shaking in the 2018 earthquake stopped short of reactivating
large translational landslides that failed previously during
much longer (4-5 min) shaking in 1964.

Failure of Anthropogenic Fill Soils

One of the main causes of damage to buildings was the per-
manent movement of soils, sands, and gravels emplaced during
construction projects. We refer to these simply as fill soils.
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MacKenzie
(S8)

B1 Atwood building
B2 Frontier building

F# = Main paper figure number

S# = Supplement figure number

P1 E. Tudor and Elmore

P2 Mudflats north of Birchwood Airport
P3 Point Woronzof

P4 Sand Lake

P5 Potter Marsh

B4 Providence Medical Center
B5 Alaska Regional Hospital
B6 Mat-Su Regional Hospital

These ground failures can be split into four categories: lique-
faction-induced settlement, lateral spreading, settlement not
involving liquefaction, and slope displacement.

Liquefaction caused structural damage in several locations
in Anchorage. Homeowners with crawl spaces noted piles of
fine sand and displaced foundations and utilities. Several res-
idences suffered from settlement of interior concrete floor slabs
with fine sand ejecta flowing in through cracks at the edges of
the slabs. Sand boils were also noted along sidewalks and
Number 1 www.srl-online.org
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B3 Engineering and Industry building - UAA campus

EaglefRiver
B7

B7 Eagle River Elementary School

B8 Gruening Middle School

B9 Houston Middle School

B10 BP building

B11 Alaska Veterans Affairs Healthcare building
B12 Westmark Hotel

Figure 7. Map of locations referred to throughout the text. P

marks places, B marks buildings, F marks figures, and S marks
figures in the supplemental material. The thin red line marks the
route of the 225 km overflight referenced in the Failure of Natural
Materials section.

roadways in southwestern Anchorage, where groundwater is
relatively shallow and subsurface soils consist of sands and
gravels (Fig. 10). No direct measurements of liquefaction
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Figure 8. Complex slumping along the Alaska Railroad overlooking
the tidal flats of Turnagain Arm, looking northward. Failure

of these low bluffs, known as Potter Hill slides (Hansen, 1965),
occurred previously during the 1964 Great Alaska earthquake and
again during an earthquake in 1954. (61.0874°, —149.84214°).
Photo: Adrian Bender.

are available because there are no soil pore water pressure
transducer arrays in these areas.

We observed at least one case of lateral spreading near East
Tudor Road and Elmore Road in an area where a gravel pit had
existed in the 1970s and 1980s and was subsequently backfilled
with sand and fine gravel. Surficial cracking and displacements
after the earthquake indicated lateral spreading of the shallow
slope toward an adjacent artificial pond. We also identified
damage to the Alaska Railroad caused by ground failures in
artificial materials placed on top of intertidal mudflats north-
east of Birchwood Airport. Slumps and saturated earthflows
damaged the railroad embankment that abuts and probably
overlies natural estuarine silt and sand along the Knik Arm
shoreline (Fig. S9). These ground failures may have initiated in
natural materials underlying the railroad embankment. These
failures caused the rail line north of Anchorage to close for four
days, shutting off rail service to interior Alaska. One of the
more famous ground failures of artificial material occurred
along Vine Road in Wasilla. Lateral spreading disrupted the
road where its artificial embankment crossed a low bog
(Fig. S10). Many failures of engineered materials occurred on
or adjacent to saturated lowlands filled with organic sediment,
silt, or sand.

Across the region, the majority of the settlement that caused
structural damage does not appear to be related to liquefaction,
but rather the behavior of uncontrolled fill—defined as fill that
may not have been placed and compacted appropriately.
Figure S11 shows an example of this in a neighborhood where
fill soils were used to raise homes significantly above street level
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during construction. Most of the homes in this neighborhood,
constructed at the same time, suffered structural damage as a
result of settlement near the surface. There were no visible
ejecta and groundwater does not approach the surface in this
area. These factors suggest that liquefaction did not play a role
in the settlement. Instead, these materials may have settled
during the earthquake because they were ill-suited for the use
or improperly compacted when they were emplaced.

Numerous slope displacements occurred in both urban and
rural areas. Notably, very few of these displacements appear to
have occurred in natural slopes. Many slopes constructed of fill
materials exhibited displacement, with subsequent failures in
nearby structures. Observations at several sites indicate that fill
soils moved away from structures, causing foundations to settle
and crack (Fig. S12). In areas where structural fill had been
placed and properly compacted, little to no displacement was
observed. As reconstruction efforts continue, one hypothesis
that appears to be true is that the fill slopes that exhibited the
largest displacements were constructed with poor-quality fill,
were inadequately compacted or poorly designed, or were asso-
ciated with a combination of factors. A thorough cataloging of
observed geotechnical failures can be found in Franke
et al. (2019).

Damage to Structures and Utilities
There is reasonable correlation between the amplitude of shak-
ing and observed damage (Fig. 11, Fig. S13). In areas such as
Sand Lake and downtown Anchorage, there is qualitative
agreement between the two. But other areas show less of a rela-
tionship. There were few yellow- and red-tagged buildings in
south Anchorage despite having ground motions on par with
surrounding areas. This is likely because many buildings in the
area are newer one- and two-story wood frame structures.
Although shaking caused some direct structural damage,
most damage appears tied to foundation damage resulting from
ground failure. Reports of foundation damage in single-family
residential buildings are widespread (Fig. 12). A significant
percentage of the structural damage occurred in pre-1980
buildings lacking seismic details or in noncode conformant
buildings (Fig. S14). The most common structural damage
includes foundation damage, the failure of concrete masonry
unit (CMU or cinder blocks) wall-to-floor connections and the
buckling of CMU walls (Fig. S15), deformation and unseating
of floor joists, permanent residual drift in one-story residential
buildings, diagonal wall cracking in wood and masonry build-
ings, and walls offset and disconnected from foundations. Less
common structural damage included cracks in concrete shear
walls and girders, failures in base plates and foundations for
steel braces, cracks in concrete columns, and detachment at
the wall corners in residential buildings (Archbold et al.,
2018; Hassan et al., 2018). In some instances, the large number
of strong aftershocks exacerbated the structural damage. For
example, shear cracks in girders at the Westmark Hotel
Number 1
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widened from hairline to ~60 mm during aftershocks trigger-
ing a seismic retrofit. Some impacts are less easy to inspect and
we anticipate hidden structural damage including damage to
concrete beam-column connections, cracks punched in con-
crete flat plates, and yielding in steel columns and older base
plates that do not incorporate the design improvements
learned from the 1994 Northridge earthquake.

The six buildings in Anchorage that are instrumented with
strong-motion seismographs experienced light-to-moderate
damage. Most ground-motion spectra recorded at these facili-
ties were below the design earthquake. The 21-story Atwood
building, a 1982 building with a steel frame and steel shear
walls, was yellow-tagged for considerable flooding and failure
of the suspended ceiling grid on three floors. The 14-story
Frontier building, a 1981 concrete moment-resisting frame,
experienced light nonstructural ceiling and partition wall dam-
age, damage to the elevator counterweight system, and cracks
in the concrete cover of exterior and edge columns. The BP
building experienced cosmetic nonstructural damage, water
flooding, and some structural damage to staircases. The
Engineering Building on the University of Alaska Anchorage
campus, a 2015 four-story steel moment frame building expe-
rienced light cosmetic cracking. The Alaska Veterans Affairs
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Figure 9. Comparison of ground failure relative to 1964. (a) View
to the west showing the Government Hill School collapsed into a
graben, or linear trough, formed by the Government Hill land-
slide in 1964 (Hansen, 1965). (b) Same view in 2013. The graben
formed by the landslide is still expressed in the landscape in

the lower photo. Photo: Game McGimsey. (c) Crack along
headscarp of 1964 slide observed on 4 December 2018.

Photo: Robert C. Witter.

Healthcare building also experienced minor nonstructural
damage.

The most common nonstructural damage was the failure of
glass facades and windows in low-story retail buildings, tile and
grid damage in suspended ceilings, damage to fire-fighting pip-
ing and sprinkler systems, and extensive cracking in drywall,
partition walls, and masonry veneer. Water boilers proved par-
ticularly vulnerable with many instances of pipe failures and
subsequent flooding caused by broken restraints and sliding
(Fig. S16).

The three major hospitals in Anchorage experienced light
to heavy nonstructural damage, water leaks and flooding, and
some equipment damage. The emergency rooms remained
open, except for one that was closed briefly to repair water
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Figure 10. Sand boil, about one foot in length, along a sidewalk in
south Anchorage. Photo: Howard Weston.

damage. Providence Alaska Hospitals canceled elective sur-
geries but kept emergency rooms open. Alaska Regional
Hospital experienced water flooding because of a failure in
the fire-fighting system that forced the shutdown of two out-
patient clinic buildings. Two weeks after the earthquake, they
were open but still operating at 20%-30% capacity. The Mat-Su
Regional Medical Center remained open after the earthquake.
One of the hospitals, in a pre-1970 building, experienced shear
cracking in the concrete core walls. Another hospital experi-
enced a boiler failure that led to building flooding and an elec-
trical short circuit that activated the fire alarm system. This is
an important lesson because the evacuation message conveyed
by a fire alarm is directly at odds with the drop, cover, and hold
message advocated for earthquake response.

Most schools in the Anchorage and Mat-Su school districts
experienced some level of nonstructural damage and closed for
one week to allow for inspections, clean up, and repairs
(Fig. S17). Eighty-five of the 97 schools in the Anchorage
School District experienced light to heavy nonstructural dam-
age and flooding (see Data and Resources). Roughly one in five
schools in the Anchorage and Mat-Su districts delayed their
reopening further to allow time to address minor structural
damage. More severe structural damage caused four schools
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to close for at least a year and potentially permanently. These
include two in Eagle River (Eagle River Elementary and
Gruening Middle), one school in Anchorage (Alaska Middle
College), and one in Mat-Su (Houston Middle). Most of the
damage in these schools was to CMU walls and steel beam con-
nections (Archbold et al. 2018; Rodgers et al. 2019). The geo-
graphic distribution of the closed schools is an indication that
their damage is attributable to construction and not to a pecu-
liar ground-motion effect in one location.

Damage to the region’s inventory of 245 bridges was
generally minor, with 20 bridges identified by the Alaska
Department of Transportation as having more significant
damage (see Data and Resources). Common bridge damage
included shifting girders, damage to shear keys, bent anchor
bolts, and damage to the grout pads under bearings
(Fig. S18). Less common bridge damage included cracks in
abutments and settling under approach ramps. The earthquake
caused widespread nonstructural damage to highway road pav-
ing and substructures. Despite winter conditions pavement
damage was generally repaired quickly, though much of this
work will be redone at a later date under warmer conditions.

No damage to the trans-Alaska pipeline occurred. At its
closest point, the facility is 200 km east of the epicenter. The
pipeline was, however, shut down briefly for precautionary
inspections. The earthquake caused a wide variety of utility
outages, including power and water that impacted thousands
of residents. Although the natural gas utility responded to hun-
dreds of reported leaks, there were no significant explosions
or fires such as those that occurred after the 2016 M 7.1
Iniskin earthquake. During the first couple of hours after the
earthquake, many of the major news outlets in the region were
offline because of power failures. This slowed the flow of infor-
mation and complicated initial efforts to assess the impact of
the quake. In general, however, most utilities were back online
within hours to a few days. Damage in the utility sector was not
catastrophic.

Discussion
The 30 November 2018 Anchorage earthquake offers a glimpse
into large intraslab earthquakes and our societal response. The
earthquake provides a unique set of observations that can be
used to refine ground-motion predictions and hazard models,
emergency response procedures, and construction practices.
The earthquake also highlights a number of challenges in
understanding both the science and the impacts of comparable
earthquakes elsewhere.

The Anchorage earthquake occurred within the subducting
slab, near the downdip end of a region of flat-slab subduction,
and close to the nose of the mantle wedge (Figs. 1, 3). It is
unclear whether there is a sliver of mantle above the earth-
quake source region. If there is, it is still presumably colder
and outside of the convective flow of the more substantial parts
of the wedge. This is a very different environment than the
Number 1
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2016 M 7.1 Iniskin earthquake that occurred 250 km to the
southeast at a greater depth of 125 km, adjacent to far hotter
mantle and at greater pressures. Earthquakes such as Iniskin
are thought to arise, in part, from the volumetric contraction
brought on by eclogite phase transitions (Hacker et al., 2003;
Nakajima et al., 2013) beginning around 70 km depth. This
metamorphosis is thought to compound other plate forces to
generate earthquakes at intermediate depths in most of the
world’s subduction zones (Astiz et al., 1988). Metamorphic
processes are likely responsible for the 100 km depth M 7.9
Little Sitkin earthquake in 2014 that occurred farther west
in the Rat Islands (Macpherson and Ruppert, 2015). But the
source region of the Anchorage earthquake is too shallow, and
potentially too cool, to make a strong argument for metamor-
phosis-driven stresses. The earthquake was located substan-
tially downdip of the 1964 M 9.2 rupture zone (Ichinose
et al., 2007). Recent slow-slip events have occurred at compa-
rable locations along strike (Fu and Freymueller, 2013). Wech
(2016) highlights seismic tremor in this same region. Together
these observations indicate that the earthquake was downdip of
the locked zone in a region where slab pull is expected to be a
more significant force. The normal-fault mechanism of the
mainshock and aftershocks (Fig. 2) aligns strongly with the
tensional regime inferred from slab pull. The earthquake also
occurred near the depth where the slab transitions from hori-
zontal flat slab motion to more steeply dipping. This bend adds
stresses in the slab, although the exact depth of compressional
(bottom) versus tensional (top) stresses depends highly on the
thickness and rheology of the slab. The fact that the rupture
extended toward the top of the slab (Fig. 3) is consistent with
the tensional stresses that would be expected in the upper parts
of the plate.
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Figure 11. Comparison of building damage and ground motion
for the Anchorage Bowl. (a) Original inspection placard value.
Source: Municipality of Anchorage Geographic Data and
Information Center (last retrieved 26 April 2018). (b) Observed
PGA ground motions (triangles) supplemented with PGA values
inferred from “Did You Feel [t?”(DYFI) reports (circles). See
Figure S13 for comparable figure for communities to the
northeast.

The earthquake raised legitimate questions concerning tsu-
nami warnings. The ground displacements for an intraslab
earthquake, even a larger one, are too small (Fig. 4) to initiate
a tectonic tsunami of consequence. However, strong shaking is
capable of initiating subaerial and submarine landslides, which
can, in turn, generate tsunamis on a local scale. Landslide-
generated tsunamis were a primary contributor to the impacts
and casualties of the 1964 earthquake and have been implicated
more recently in earthquakes such as the September 2018
M,, 7.5 event in Sulawesi, Indonesia (Sassa and Tomohiro,
2019). Although the steep bluffs and tidal mudflats that are per-
vasive in the area could have generated subaerial or submarine
landslides, these same features offer some protection to coast-
lines. Residents away from the immediate coastline certainly
did not need a tsunami warning, but it is not clear how exactly
to treat the coastline itself. Community and agency dialog is
needed to better assess how or if tsunami warnings should be
issued for highly localized coastal hazards. There is also a clear
need for an education campaign to make sure residents are
informed of how to respond on their own to strong shaking
and where they do and do not need to worry about tsunami
inundation. Both of these activities could be facilitated by a com-
prehensive tsunami hazard evaluation of the area.
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Figure 12. Foundation and structural damage resulting from
shifting soils. (a) Cracked concrete footer. Photo: Wael Hassan.
(b) House subjected to extreme permanent shear resulting from
offsets in the foundation caused by soil failure. Photo: Chris
Motter.

Another lesson from this earthquake is the importance of
duration and frequency in triggering ground failure. The prox-
imity of Anchorage resulted in strong ground accelerations.
However, these motions were dominated by high-frequency
energy (Beyzaei et al., 2019) with the strongest shaking lasting
just a few tens of seconds. Because of this, the ground velocities
and displacements were comparatively smaller than they might
have been for a larger more distant earthquake such as the one
in 1964. The short duration of strong shaking also meant that
soils were not exposed to as many cycles of ground motion as
they might have been for other earthquakes with comparable
peak accelerations. This fact is not captured by intensity or
PGA maps intended to provide a concise regional summary.

After the M 9.2 earthquake and tsunami in 1964, seismic
building regulations improved significantly in Alaska. The
1964 earthquake led to seismic policy changes in Alaska and
helped pave the way nationwide for better codes and later to
the creation of the National Earthquake Hazards Reduction
Program in 1977. Alaska has been credited with some of the
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strictest seismic safety code requirements. These are reflected
in local amendments to the International Building Code (IBC),
though it should be noted that, for bureaucratic reasons, at the
time of the earthquake, the state had adopted only the 2012
IBC and not the more recent 2018 IBC. Even so, the decades
of code recognition, combined with building stock in south-
central Alaska that is generally less than 30 yr old, created a
region with reasonably progressive seismic resilience.

Although strong codes have been in place for decades, the
level of enforcement varies widely between the City of Anchorage
and many outlying cities and towns, including Eagle River and
Girdwood. These communities are part of the Municipality of
Anchorage, but code conformance is not mandatory, especially
for residential construction.

A few factors are responsible for the overall damage being
less than what might have been anticipated. The primary factor
is that the depth of the rupture prevented the strongest shaking
that would have been expected had the earthquake occurred
near the surface. The ground motions did not generally exceed
that of the design earthquake, although it came close at high
frequencies. Damage was also minimized by the relatively short
duration of the highest amplitude motions. A third important
factor appears to have been the recent history of good con-
struction practices and the relatively young age of the building
stock in the region. The fact that no structures collapsed
entirely and no one was killed are laudable and is not an acci-
dent. We should not overlook, however, the considerable dam-
age and ongoing vulnerabilities caused by nonengineered and
pre-1980 construction. The code history described earlier is
directly responsible for the relative resilience of the region
demonstrated during this earthquake. Even the failures that
did occur can generally be associated with ill-fit types of con-
struction or the lack of enforcement (see the Damage to
Structures and Utilities section) and only serve to further val-
idate the building codes where they were followed. The higher
rates of building damage outside of the Anchorage Bowl do not
appear to correlate with higher ground motions. This argu-
ment would be more credible if sufficient instrumental records
were available northeast of Anchorage. But the juxtaposition of
regions with and without code enforcement provides a rare
controlled study. The results of this serendipitous, if unin-
tended, test implies that code enforcement improves earth-
quake resilience—a conclusion that may not be shocking but
is rarely demonstrated so clearly.

Across the Aleutian arc, there have been 10 recorded earth-
quakes of M 7 or larger below a depth of 40 km since 1906 (see
Data and Resources). These events have been distributed
across the 2500 km arc and have occurred, on average, every
11 yr (Figure 13). The largest of these was the M 8.3 event in
1906 (Okal, 2005). Compared with earthquakes on the mega-
thrust, the upper magnitude limits on intraslab earthquakes are
smaller. However, intraslab events can occur far inland from
the trench in much closer proximity to population. In this
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Key Date Latitude Longitude Depth Magnitude Catalog Location consideration assuming large
1 11/30/18 6135 —149.96 47 My 7.1 AK Anchorage int diate depth th k

2 1/24/16 59.64 —153.41 129 Mww 7.1 us Iniskin Bay n erI.ne.la € aepth earthquakes

3 6/23/14 5185 17874 109 Mww79  US Little Sitkin region are distributed evenly across the

4 62411 5198 —171.82 65 Mw7.3 ISCGEM  Fox Islands arc. A systematic comparison of
5 12/6/99 5739 —154.65 46 Mw 7.0 ISCGEM | Kodiak Island region lab . d focal h

6 2/28/70 5249 —174.92 164 My 7.1 ISCGEM  Andreanof Islands slab properties and focal mech-

7 7/2/65 53 -167.74 45 My 7.8 ISCGEM  Fox Islands anisms might shed insight on

8 3/22/57 53.78 —165.77 47 My, 7.1 ISCGEM  Unalaska Island where such events are unlikely.

9 10/13/26 5149 —175.29 40 My 7.0 ISCGEM  Andreanof Islands .

10 8/17/06  51.85  178.18 110 Mw 83 ISCGEM** Rat Islands However, focal ~mechanisms

** from Okal (2005). 10 (and reliable depths) are only

available for the most recent

20 of these earthquakes. A more

fruitful approach may be to

50 use this small sample of events

10 ® to calibrate against global obser-

3 6 58 <100 > vations of comparable earth-

90 ~ 0O 4 70 L | quakes. But this  brings

Depth 500 km challenges in reconciling the

Figure 13. Historical intraslab earthquakes in Alaska, greater or equal to magnitude 7, and 40 km or
deeper. The AK, US, and ISCGEM catalogs refer respectively to the catalog of the Alaska Earthquake
Center, the USGS Preliminary Determination of Epicenters, and the International Seismological

Centre’s Global Instrumental Earthquake Catalogue.

properties of different subduc-
tion zones. Barring explicit
knowledge of the cause of the
different  earthquakes  in
Figure 13, there is no evidence

regard, the earthquake is quite similar to the 2017 M 7.1
Puebla-Morelos earthquake near Mexico City (Melgar, Pérez-
Campos, et al., 2018; Sahakian et al., 2018).

Of the three primary contributors to seismic hazard in
southern Alaska—the intraslab region, the subduction mega-
thrust, and the continental crust—intraslab earthquakes are the
most difficult to quantify in probabilistic terms. Unlike faults
that rupture the surface, geologic features cannot be used to
estimate fault length or slip rate. Because the slab is decoupled
from the overriding continental plate, geodetic motions on the
surface similarly have little relation to deformation within the
slab. Lake paleoseismology is one potential approach for eva-
luating the frequency of intraslab earthquakes. Turbidites and
sublacustrine landslides in lake sediments can be an indicator
of strong shaking. If the crust and megathrust earthquake rec-
ord is sufficiently understood, it could be possible to attribute
the remaining sediment features to earthquakes occurring in
the slab (Praet et al., 2017; Boes et al., 2018; Fortin et al., 2019).

Even historical seismicity is a marginal indicator of the haz-
ard. The brief historical record in the Anchorage region is insuf-
ficient to constrain probabilities. For much of the earthquake
record prior to the mid-twentieth century, questionable location
and source mechanism information make it difficult to distin-
guish between neighboring, but very different, source regions.
Silwal et al. (2018) propose an intraslab source for the 1954
M, 64 earthquake that occurred 75 km southwest of
Anchorage. However, the authors state that the data cannot
entirely rule out a source on the subduction interface. The earth-
quakes in Figure 13 support only rudimentary statistical
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to rule out an event such as
the 1906 M 8.3 earthquake
occurring under southcentral Alaska.

The Anchorage earthquake is unlikely to cause a significant
reevaluation of the fundamental processes occurring within
subducting plates. It should, however, serve as a stern reminder
of the importance of accounting for intraslab earthquakes,
despite their challenges, in seismic hazard analyses. And for
an area that has not experienced comparable shaking in half
a century, it serves as a reminder of why seismically informed
construction matters, what we have done well over the past few
decades, and where we still need work.

Data and Resources

All seismic waveform data are available through the Incorporated
Research Institutions for Seismology (IRIS) Data Management Center
(https://ds.iris.edu/ds/nodes/dmc). Strong-motion seismic records are
available from the Center for Strong Motion Engineering Data
(https://strongmotioncenter.org). The catalog of Alaska earthquakes
is distributed through the Advanced National Seismic System
(ANSS) Composite Catalog (https://earthquake.usgs.gov/data/comcat).
Interferometric Synthetic Aperture Radar (InSAR) data available
through the SARVIEWS project (sarviews-hazards.alaska.edu).
Hydrology distributed at https://waterdata.usgs.gov. Photographs of
damage and soil failures, as well as accompanying descriptions, are
courtesy of the photographer, as noted. The building damage database
is available from the Municipality of Anchorage. Full data and param-
eters used to derive the ground acceleration contours in Figure 2 are
available at http://earthquake.alaska.edu/event/20419010/shakemap.
Tsunami warning for the coastlines of Cook Inlet and the southern
Kenai Peninsula is available at https://tsunami.gov/events/PAAQ/
2018/11/30/pjool4/1/WEAK51/WEAKS51.txt.  Advanced National
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Seismic System (ANSS) ComCat portal information is available
at  https://earthquake.usgs.gov/earthquakes/eventpage/ak20419010/
shakemap. U.S. Geological Survey (USGS) ground failure products
are available at https://earthquake.usgs.gov/earthquakes/eventpage/
ak20419010/ground-failure. The Chugach National Forest Avalanche
Information Center is available at http://www.cnfaic.org/site/
observations/rainbow-peak. Anchorage School District earthquake
reporting is available at https://www.asdk12.org/2018earthquake.
Alaska earthquake damage assessment updates are available at http://
dot.alaska.gov/earthquake2018. USGS current water data for Alaska
are available at waterdata.usgs.gov/ak/nwis/rt. The supplemental
material for this article includes methodological descriptions, tables
with supporting details, figures that illustrate various discussion points,
and photographs that provide examples for some of the observations
presented in the article. All websites were last accessed September 2019.
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